The reproductive interests of males and females are not always aligned, leading to sexual conflict over parental investment, rate of reproduction and mate choice. Traits that increase the genetic interests of one sex often occur at the expense of the other, selecting for counter-adaptations leading to antagonistic coevolution. Reproductive conflict is not limited to intraspecific interactions; interspecific hybridization can produce pronounced sexual conflict between males and females of different species, but it is unclear whether such conflict can drive sexually antagonistic coevolution between reproductively isolated genomes. We tested for hybridization-driven sexually antagonistic adaptations in queens and males of the socially hybridogenetic 'J' lineages of Pogonomyrmex harvester ants, whose mating system promotes hybridization in queens but selects against it in males. We conducted no-choice mating assays to compare patterns of mating behaviour and sperm transfer between inter-and intra-lineage pairings. There was no evidence for mate discrimination on the basis of pair type, and the total quantity of sperm transferred did not differ between intra-and inter-lineage pairs; however, further dissection of the sperm transfer process into distinct mechanistic components revealed significant, and opposing, cryptic manipulation of copulatory investment by both sexes. Males of both lineages increased their rate of sperm transfer to high-fitness intra-lineage mates, with a stronger response in the rarer lineage for whom mating mistakes are the most likely. By contrast, the total duration of copulation for intra-lineage mating pairs was significantly shorter than for inter-lineage crosses, suggesting that queens respond to prevent excessive sperm loading by prematurely terminating copulation. These findings demonstrate that sexual conflict can lead to antagonistic coevolution in both intra-genomic and inter-genomic contexts. Indeed, the resolution of sexual conflict may be a key determinant of the long-term evolutionary potential of host-dependent reproductive strategies, counteracting the inherent instabilities arising from such systems.
Introduction
Although males and females in sexually reproducing species interact to produce offspring, the fitness interests of the two sexes are not identical, often leading to divergent optima for mating frequency, mate identity and parental care distribution [1, 2] . Such sexual conflict is expected to result in antagonistic coevolution between the sexes, as adaptations that shift trait values towards the optimum of one sex necessarily move them farther away for the other, increasing selection for counteradaptation [3, 4] . Sexual conflict can be manifested throughout the process of mating and reproduction, from mate choice and receptivity, to sperm transfer, storage and utilization, to post-copulatory offspring provisioning and care [5, 6] .
Sexually antagonistic coevolution is typically thought of as an intraspecific process, but mating interactions between species can also generate interspecific conflict between the sexes that in some cases may impose even stronger selective pressures than those acting intraspecifically [7, 8] . The costs and benefits of hybridization can vary in magnitude and even direction between species and sexes [9] [10] [11] , with the same hybrid progeny representing a fitness benefit for one parent but a cost to the other. This is most evident in gynogenetic and hybridogenetic species complexes, where obligately hybridizing females parasitize the sperm of host species males to initiate parthenogenetic offspring development (gynogenesis) or to produce progeny that discard the paternal genome during reproduction (hybridogenesis) [12] . Whether the strong selective pressures in such systems can drive sexually antagonistic coevolution, however, is not yet clear; experimental studies of inter-genomic conflict over mate choice have yielded contradictory results [9, 13] .
One case where strong inter-genomic sexual conflict is predicted is social hybridogenesis in the harvester ant genus Pogonomyrmex [14] . Ants have a eusocial colony structure, with sterile worker and reproductive queen castes. In the two socially hybridogenetic populations described (the 'H' and 'J' populations), reproductive caste is mediated by genetic ancestry. Each population is composed of two genetically distinct but interbreeding lineages (lineages '1' and '2') derived from historical interspecific hybridization between two extant species, P. barbatus and P. rugosus [15] . Although the two lineages are derived from hybridization, lineage '1' is more closely related to P. rugosus, while lineage '2' is more closely related to P. barbatus; interbreeding lineages are as genetically distinct from one another as are their parent species, with no evidence of inter-lineage gene flow [15, 16] . Queens mate multiply during a single mating swarm [17] , and the female progeny of intra-lineage matings develop only into reproductive females, whereas interlineage hybrids result primarily in worker offspring [15, 18, 19] (figure 1). This leads to a conflict of interests, as queens must mate with both lineages to produce both daughter queens and the workforce to care for them [20] , but males gain fitness returns only by mating with queens of their own lineage. The cost of mating mistakes for males is potentially quite high, as mating occurs within swarms on a single day over a period of only 1-2 h, with intense male-male competition [17] ; thus, males that hybridize may lose the opportunity to mate with a female of their own lineage, especially if, as is often the case, one lineage is relatively rare in the population [21] . An adaptive male preference for intra-lineage copulations, however, would be in direct conflict with the interest of queens, who are largely unable to produce workers in the absence of hybridization and suffer direct productivity costs as the proportion of inter-lineage matings declines [22] . Importantly, the selective pressures acting on males and females over hybridization run counter to the way in which intraspecific sexual selection typically acts in harvester ants, leading to clear alternative predictions for how the sexes should behave under these two forms of sexual selection; rather than mate indiscriminately, the high costs of mating mistakes in this case would select for male selectivity, while queens normally expected to be selective may instead benefit from higher mating frequency and diversity.
In this study, we investigated the effects of inter-genomic sexual conflict on males and females of the 'J'-lineage socially hybridogenetic population. We generated controlled crosses in the field and compared the mating behaviours of intraand inter-lineage pairs to test whether either or both sexes show evidence of adaptation to hybridization-driven sexual conflict. We considered pre-copulatory mate choice as well as more cryptic control mechanisms over investment once copulation is initiated, including copulation duration, rate of sperm delivery and total sperm transfer. Because males receive no direct benefits from hybridization, we predicted that if mating patterns reflected male interests, inter-lineage matings ( J1/J2 and J2/J1 pairs) should be less likely to occur, result in lower sperm transfer, and/or be shorter in duration than intra-lineage matings. By contrast, females require sperm from both male types, and thus under female control we expected to see either preference for an equal mating investment or compensatory bias by females towards inter-lineage males in response to male biasing strategies.
Material and methods (a) Field experiments
Field experiments were performed during natural mating flights in July 2010 (two flights) and July 2011 (two flights) near Portal, Arizona on the Arizona-New Mexico border in the southwestern United States. Mating flights occur 1 -2 days after a heavy monsoon rain storm at approximately 15:30 PST [17] . Adult colony lineage frequencies are predictably biased in J-lineage populations, with the J2 lineage comprising approximately 67% of mature colonies [16, 21] . Once a mating swarm site was located, incoming virgin males and females were captured in the air using insect nets as they approached the swarm and isolated by sex in plastic boxes. Mating observations were conducted continuously by one to four observers per swarm until natural copulations ceased at approximately 17 : 00 PST. For each mating observation, a single male and female were rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141771 selected at random and placed into a clean 20 ml PET clear plastic tube for observation; the two lineages cannot be distinguished by eye, so observers were blind to the lineage identities of interacting pairs. Initiation of successful copulation was defined operationally by male release of the female's thorax following genital contact, such that the pair remained attached only by the copulatory organs. If copulation was not initiated after 5 min, the mating was considered failed and the male was replaced, for a maximum of two pairings per queen. If the pair successfully mated during this period, willingness to mate was quantified as copulation latency, the length of time between introduction and the initiation of copulation.
For pairs in which copulation was initiated, copulation duration was measured to the nearest second and specimens were placed on ice immediately after separating. A total of 87 experimental pairings were used. Two of these mating pairs were discarded from the analysis; in one pair, the male escaped following copulation, and in the second the pair failed to detach successfully after 8 min in copula. All individuals were shipped on ice overnight to the University of Vermont for genetic analysis and sperm quantification.
(b) Lineage identification and body-size measurement
To determine lineage identity, all samples were typed with lineage-diagnostic restriction assays of the cox1 mitochondrial gene (bp ¼ 433) [15] . DNA was extracted from each sample with a rapid Chelex extraction protocol [16] on tissue from two legs. Lineage identification was performed by PCR amplification as in Helms Cahan & Keller [15] , followed by enzymatic digest using the enzymes MfeI and BsaI. These enzymatic digests can be used for diagnostic identification of lineage, since MfeI matches a restriction site unique to the J1 lineage haplotype, while BsaI matches a site unique to the J2 lineage haplotype [15] . Positive J1 and J2 controls were included in each digest to confirm enzyme activity. The resulting fragments were run on a 1.5% agarose gel at 120 mV until separation could be resolved. Several individuals who could not be identified with this method due to DNA degradation were genotyped for the microsatellite locus Myrt-3 following Helms Cahan & Keller [15] , which shows fixed differences between the two lineages [18] .
Head width was used as a proxy for body size of males and females [23] . The distance between the eyes (above each eye for males and below each eye for females) was measured to the nearest 0.05 mm using an optical micrometre. Sex-specific standardized z-scores (standard deviation units from the mean) were used instead of raw head width values in all statistical analyses.
(c) Sperm quantification
Sperm quantification was conducted using an insect sperm fluorescent quantification method [24] , modified by substituting SYBR Green I dye for Hoechst dye and using manual cell counting rather than automated fluorometry. Fifty-one of the 53 mated queens were successfully dissected in 1Â PBS solution, and the spermatheca and reproductive tract of each individual were removed intact (figure 2a). Sperm was extracted from the spermatheca and reproductive tract by opening each of these structures in 200 ml PBS/1% BSA. Two hundred microliters of DMSO were added, and the sample was centrifuged at 15 000g for 20 min. Two hundred microlitres of solution were removed, and the sample was sonicated 2Â for 30 s. 10Â SYBR Green I (2.5 ml) was added to 7.5 ml of each sample, and 10 ml mixed with an equal volume of Vectashield (Vector Labs) was placed on a slide for quantification. Once prepared, each slide was counted under 10Â magnification on a fluorescent microscope using STEREOINVESTIGATOR software (MBF Bioscience, Williston, VT, USA). The program photographed and randomly partitioned each slide into 9 -12 subsets, then the numbers of cells in each subset were manually counted, allowing the program to estimate the total cell count on the slide (figure 2b). In order to compare the quantity of sperm transferred per mating to the total sperm reserves of males, five virgin 'J1' and five 'J2' lineage males collected immediately before a mating flight were dissected and the vas deferens and testes were removed. Sperm was extracted and quantified using the same method used for the spermathecae. 
(d) Statistical analysis
All statistical analyses were performed in JMP v. 9.0. Male and female headwidths were compared between lineages using a Student's t-test. All other variables were analysed using a stepwise generalized linear model (GLM), with either a binomial (willingness to mate) or a normal (copulation latency, total and rate of sperm transfer and copulation duration) distribution. Lineage identity of males and females and their interaction were locked into the model to ensure that they were always included; Akaike information criterion statistic (AICc)-based model selection was used to select additional covariates for the final model for each variable. Covariates included the number of minutes after commencement of the mating swarm at which the pairing began (time after swarm, or TAS), male size, queen size and their interaction and the date of the swarm.
Results (a) Mating swarm dynamics
As expected from adult colony frequencies, both males and queens collected in the mating swarm were biased towards the J2 lineage (males: 60% J2, queens: 66% J2). J1 and J2 queens did not differ significantly in size (t 76 ¼ 0.3 p ¼ 0.8); J1 males, however, were significantly smaller than J2 males (mean head width, J1: 2.05 + 0.1 mm; J2: 2.10 + 0.11 mm; Student's t-test, t 85 ¼ 1.98, p , 0.03). Despite this size difference, there was no significant effect of male size, queen size nor the interaction of male and female size on mating success, copulation latency or copulation duration.
(b) Mate choice
The proportion of successful copulations declined significantly over the course of the swarm (x figure 3 ). Copulation latency for successful mating pairs showed a similar pattern, with both J1 queens and males taking significantly longer to initiate copulation than J2 queens and males (males: x , n ¼ 10). As expected, total sperm transfer was positively correlated with copulation duration (F 1 ¼ 7.07, p , 0.02), but total sperm transferred to queens did not differ between intra-and inter-lineage pairings (x When considered per unit time in copula, however, the rate of sperm transfer was significantly higher in intralineage than in inter-lineage pairs (male Â female lineage interaction effect, x 2 1 ¼ 11:74, p , 0.001). As predicted from their relative rarity in the population, the sperm transfer rate of J1 males responded more strongly to queen lineage identity, with transfer rates to high-fitness J1 queens nearly double the rate of low-fitness matings with J2 queens (Dunnett's test, p ¼ 0.03); sperm transfer by J2 males to intralineage J2 queens was also significantly higher, but to a smaller degree (figure 4b, Dunnett's test p ¼ 0.01). The rate of sperm transfer was also significantly higher overall for J1 males than J2 males (least squared means + s.e.: J1 ¼ 122 080 + 12 275 sperm s 
Discussion
Hybridogenetic mating systems generate divergent selective pressures on males and females over investment into conspecific and heterospecific matings. Previous work on the socially hybridogenetic harvester ant lineages found no deviation from random mating in these populations despite strong interspecific sexual conflict, suggesting that they may have lacked the capacity or time to evolve adaptive responses [20] [21] [22] . The results of this study, however, suggest that this overall pattern is not indicative of an absence of adaptation, but instead reflects the net result of counteracting effects of sexually antagonistic coevolution over copulatory investment. Males of both lineages strategically adjusted sperm transfer rate based on the lineage identity of their mate, increasing transfer rate with same-lineage females, with the strongest response occurring in the rarer lineage whose males were most likely to make mating errors. In isolation, the effect of such selective sperm transfer would be to improve male fitness at the expense of female procurement of sperm for worker production, with costs to colony foundation and growth and potential destabilization of the hybridogenetic system as a whole [21, 22] . Such an effect is not realized, however, because increased sperm transfer rate towards same-lineage females is balanced by a significant reduction in the duration of such copulations. The overall result is a similar total quantity of sperm transferred per mating despite the fact that both males and females manipulate aspects of copulation to maximize their fitness. One of the most common and obvious manifestations of sexual conflict occurs during pre-copulatory mate choice, with one sex (typically males) pursuing matings that are actively resisted by the other sex [25] ; however, our results suggest that pre-copulatory mate choice is not the primary mechanism by which males and females impose their genetic interests in this system. We found no evidence of pre-mating discrimination between lineages in either the likelihood or latency of mating initiation. This is consistent with earlier studies demonstrating a significant correlation between the relative frequencies of the two lineages in the population at large and the relative mating success of males inferred from patriline distributions in adult colonies [26, 27] . It is important to note, however, that males and/or females may still display preferences when both lineages are available for direct comparison; such simultaneous mate choice experiments could not be conducted here due to the time constraints caused by the limited duration of mating swarms and the difficulty of identifying lineage in the field.
Both discrimination costs and informational constraints may contribute to the absence of mate preference. As in other sperm parasites in which mate discrimination is low [11] or absent [9] , Pogonomyrmex rugosus mating swarms have a strongly malebiased operational sex ratio, with an average of four males per female physically competing in a characteristic 'mating ball' [17] . Intense contest competition between males can make the delay associated with mate assessment more costly than accepting some proportion of low-fitness matings, even if inter-lineage females can be identified [9, 28] . Alternatively, individuals may be unable to discriminate lineage identity before initiating copulation, preventing mate selection from occurring. Notably, males and queens of the two J lineages are visually indistinguishable [16] , despite being originally derived from differently coloured parental species [15] . This same pattern of convergence in queen, but not male coloration occurs in the 'H' lineage pair [29] . Similarly, the volatile mating pheromone is suggested to be highly conserved within the P. barbatus complex [17] , making it unlikely that it contains information on individual lineage. Correct assessment of cuticular hydrocarbon cues, a common method for reproductive isolation among many insects [30] , might be unreliable or time-intensive in mating swarms; although cuticular hydrocarbon (CHC) assessment is generally very fast and reliable, recognition in mating swarms can become more difficult when individuals exchange hydrocarbons with other reproductives as they come into physical contact, homogenizing their profiles and reducing their ability to use lineage-specific CHC differences [31] to accurately identify a potential mate's lineage before copulation.
In the absence of a pre-copulatory cue, males may instead benefit from maximizing mating frequency and thus limit the fitness consequences of any individual copulation [26] . For queens, the primary risk of a suboptimal mating distribution is failure to procure inter-lineage sperm required for worker production; the converse problem-failure to produce queen-destined progeny-is less costly because queens can recoup some fitness returns through parthenogenetically produced haploid male rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20141771
progeny [27] . This suggests that mate identity costs increase for queens as a lineage becomes more common; in the absence of mate preference, queens of the more common lineage appear to respond to local lineage skew by increasing mating frequency [32] , which could explain why the more common J2 lineage was significantly more willing to mate and initiated copulations sooner than the J1 lineage in this study. In contrast to events prior to copulation, the dynamics of copulation itself showed striking differences between interand intra-lineage pairs that reflected the fitness interests of males and females. As suggested in earlier work [33] , the first copulation by a male constitutes nearly 70% of his total lifetime sperm transfer, imposing selection on males to bias copulatory investment towards high-fitness mates. Because males actively pump sperm into the female reproductive tract during copulation, sperm transfer rate is expected to be primarily under male control; consistent with male interests, the rate of sperm transfer was significantly higher for both J1/J1 and J2/J2 intra-lineage matings than for either interlineage cross. This suggests that some cues indicating lineage identity are available to males, although they may not be detectable or acted upon when mate choices are being made. It is possible that after copulation begins, males have a better opportunity to ascertain differences in CHC profiles [31] to identify female lineages in a way that would be too costly or time consuming before copulation begins.
Unlike queens, for whom costs increase as a lineage becomes more common, male costs increase as a lineage becomes more rare, increasing the likelihood that the first mating will be with a low-fitness inter-lineage female. Across J-lineage populations, the J1 lineage is consistently under-represented, making up approximately one-third of the adult colony population [21, 34, 35] , with similar proportions in the mating swarms investigated in this study. Consistent with their relative rarity, the difference in sperm transfer rate between intra-and interlineage copulations was particularly high for J1 males, whose intra-lineage sperm transfer rate was the highest of all the pair types and nearly double that observed when J1 males were paired with low-fitness J2 queens (figure 4b).
The difference in sperm transfer rate between intra-and inter-lineage matings did not translate into a difference in overall sperm transfer due to a second difference between these pair types that acted in the opposite direction: same-lineage copulations were significantly shorter in duration than those occurring between lineages (figure 4a). Although males are typically thought also to control copulation duration, female control via a genital locking mechanism is known to occur in some insects with a polyandrous mating system [36] to regulate the sperm contributions of individual males and prevent male mate-guarding [37] . Polyandry is nearly universal in the genus Pogonomyrmex [38] ; the existence of such a mechanism may have enabled queens to respond to selection in hybridogenetic systems, terminating insemination by same-lineage males earlier to reduce their relative sperm contribution.
Because male and female biasing strategies were of similar magnitude but differed in direction of effect, the net result of conflict over copulation was equal to sperm transfer (figure 2c), the same outcome as would be expected in the absence of conflict. These results show the importance of fully characterizing different mechanisms when investigating sexually antagonistic coevolution. Mate choice tends to be the most commonly studied form of sexual conflict, but both males and females may also impose their genetic interests via cryptic mechanisms that are more difficult to assess [4] . Such mechanisms may play a particularly important role in species for which mate choice is costly or constrained. Moreover, the counteracting effects of adaptive changes in complementary control mechanisms may mask the existence of conflict when only a summary measure of reproductive success is observed. By decomposing the mating process into its component parts, the conflict over control of each aspect became apparent and revealed a dynamic coevolutionary process.
Within species, sexually antagonistic coevolution has the potential to lower the mean fitness of an entire population if enough costly adaptations are implemented [39] . Paradoxically, however, the interaction between males and females in hybridogenetic populations may play an important role in maintaining such systems over evolutionary time [40] . If males were fully successful in discriminating and selectively transferring sperm to their own lineage, queens would be unable to produce workers [35] and populations would quickly collapse. The tight ecological linkage between hybridogenetic taxa and their hosts, imposed by obligate hybridization, appears to provide the evolutionary opportunity for both sexes to evolve in response to inter-genomic sexual selection. This suggests that strong antagonistic sexual conflict may facilitate evolutionary persistence of interdependence at higher taxonomic levels such as occurs in harvester ants, despite the intrinsic disadvantages such complex mating systems entail.
Data availability. The data used in this analysis have been uploaded as an electronic supplementary material.
